We investigate high-P,T phase equilibria of the MgSiO3-Al2O3 system by means of the density functional ab initio computation methods with multiconfiguration sampling. Being different from earlier studies based on the static substitution properties with no consideration of Rh2O3(II) phase, present calculations demonstrate that (i) dissolving Al2O3 tends to decrease the postperovskite transition pressure of MgSiO3 but the effect is not significant (Ϸ-0.2 GPa/mol% Al2O3); (ii) Al2O3 produces the narrow perovskite؉postperovskite coexisting P,T area (Ϸ1 GPa) for the pyrolitic concentration (xAl2O3 Ϸ6 mol%), which is sufficiently responsible to the deep-mantle D؆ seismic discontinuity; (iii) the transition would be smeared (Ϸ4 GPa) for the basaltic Al-rich composition (xAl2O3 Ϸ20 mol%), which is still seismically visible unless iron has significant effects; and last (iv) the perovskite structure spontaneously changes to the Rh2O3(II) with increasing the Al concentration involving small displacements of the Mg-site cations.
A lthough the postperovskite (pPv) phase transition in MgSiO 3 (1-3) is suggested to be strongly related to the deep-mantle DЉ seismic discontinuity (4) (5) (6) , phase relations in more realistic chemical compositions, containing particularly aluminum and iron, are needed for further detailed investigations of this region. High-pressure experiments (7, 8) demonstrated that magnesium silicate perovskite (Pv) is the major host of aluminum over the entire pressure (P) and temperature (T) range of the lower mantle, possessing Ϸ5 mol% of Al 2 O 3 in pyrolite and Ϸ20 mol% in MORB. The pPv phase transition of aluminous silicate has therefore been studied extensively both theoretically and experimentally (9) (10) (11) (12) (13) along with the effects of Al on the elastic properties of Pv and pPv (14) (15) (16) ). An ab initio study (9) showed that the Al incorporation into Mg-Pv drastically increases the pPv transition pressure and also enhances the PvϩpPv coexistence region, which reaches Ͼ10 GPa even for 5 mol% Al 2 O 3 . Also, a laser-heated diamond-anvil-cell experiment of pyrope composition (25 mol% Al 2 O 3 ) (11) proposed a similar phase diagram with wide PvϩpPv coexisting pressure ranges of 20-30 GPa, although their estimations of transition width were quite rough. Similar broadening of the transition width is also reported for the iron-bearing systems (17, 18) , although their transition pressures are still highly contradictory. These gradual phase changes through such huge divariant loops suggest the pPv transition fails to explain the sharp seismic discontinuity as observed at the top of DЉ (9, 11) . However, the ultrahigh-P,T experiments of multicomponent phase equilibria currently usually involve significant uncertainties in controlling homogeneous P,T conditions and reaction kinetics. In this study, we reinvestigate the aluminum-bearing Pv system theoretically for the first step of better understanding the thermochemical properties of deep-mantle minerals.
Early theoretical calculations investigated the stable Al substitution mechanisms in Pv and pPv at static 0 K condition (9, 13, 19) , and finite temperature free energies were evaluated quite approximately in particular with no consideration of phonon contributions (9) . If, however, comparing the transition pressures of end-member compositions, the pPv transition in MgSiO 3 is expected to occur at much lower pressure than in Al 2 O 3 at low temperatures, but it is comparable or rather higher in MgSiO 3 than in Al 2 O 3 at temperatures Ͼ3,000 K, because the Pv-pPv phase boundary in MgSiO 3 has a largely positive Clapeyron slope (2, 3), whereas the Rh 2 O 3 (II) (Rh)-pPv boundary in Al 2 O 3 has a largely negative one (12, 20) . This might affect the solubility of Al to Mg-Pv, and thus the stability of aluminous Pv and pPv, which were not considered in the previous studies on the phase equilibria in the MgSiO 3 -Al 2 O 3 system.
Results and Discussion
Orthorhombic Pv and Rh structures, stable in MgSiO 3 and Al 2 O 3 at moderate pressures (12) , are shown in Fig. 1 . As mentioned before, 2 structures provide nearly indistinguishable X-ray diffraction patterns (e.g., refs. 21 and 22). In the Pv and pPv structures, Mg and Si ions sit in the large 8-fold coordinated bicapped trigonal prisms (A site) and in the 6-fold coordinated octahedra (B site), respectively. After relaxing the Pv solid solution cells, Al in the A site, which replaced Mg, was found to spontaneously displace along the c direction toward one of bicap oxygens as shown by arrows in Fig. 1 A due to the smaller size of Al 3ϩ for the A site in addition to the interdefect interaction. Then the Al coordination decreased from 8-fold to 6-fold and formed octahedra like Al in the B site (Fig. 1B) . Structural properties calculated at several conditions are summarized in Table 1 . In contrast to no significant change in the B site, marked deviations of z coordinate of Al in the A site from the Pv's value (3/4) are found for the Al-bearing Pv (Rh) phases. If all of the A site atoms displace similarly, the structure is found to change to the one shown in Fig. 1B , which is exactly identical to Rh. This means that Al-rich Pv has the Rh structure and thus the Al-rich Pv and Rh are, in principle, equivalent.
Although the structural relationship between Pv and Rh is found to be quite simple, suggesting a low-energy transition path existing between 2 structures, they are expected to have significantly different thermodynamic properties. For example, the Pv-pPv transition has a large positive Clapeyron slope, which is caused by a positive change in vibrational entropy across the transition (2, 23) , whereas the Rh-pPv transition has a negative Clapeyron slope, which is due to a negative entropy change across the transition (12) . These energetic differences originate in the cation coordination changes. In contrast to the Pv structures, no marked displacement of Al was found in the A site in pPv, which is because of the smaller Mg cite in pPv (12) . No significant structural change was therefore found in pPv associated with the Al incorporation (Table 1) , and the calculated crystallographic parameters of the pPv phases are in excellent agreement with the values of recent Rietveld refinements (24) .
To investigate the pPv phase equilibria in the MgSiO 3 -Al 2 O 3 join, we have determined the total Gibbs free energies of Pv and pPv solutions as functions of temperature and pressure [see supporting information (SI) Text]. Cations should disorder at sufficiently high temperatures due to the effect of mixing entropy. In addition to accounting for the phonon contributions correctly, we have also carefully evaluated this by calculating at most 200 different supercell configurations at each pressure, each Al concentration and each phase. Configurational density of states (CDoS) for x Al2O3 ϭ 0.5 at 90 GPa are shown in Fig. S1 . CDoS for both Pv and pPv show nearly symmetric profiles with some tails extending toward higher energy. S mix calculated based on the statistical thermodynamics (Eq. S3 in SI Text) indicate that at 300 K, 92% of the ideal value is achieved, and at 1,000 K 99% is achieved. This implies that the entropy of mixing is very close to the ideal value under the temperature condition relevant to the Earth's deep mantle (Ϸ2,500 K) and are consistent with previous findings from classical simulations for Pv (25) . This analysis suggests the present cell sampling is sufficient to capture the statistical properties of cation distributions under high pressure, although the CDoSs are still not completely smooth (Fig. S1 ). Apart from the calculations of the disordered cells, we have also tested the stability of ordered structures of (Mg,Al) (Si,Al)O 3 Pv (Rh) and pPv. Cells with several superlattice wave vectors [q00], [0q0], [00q] and [qq0] (q ϭ 1 and 1/2) were fully optimized, but we found positive enthalpies of mixing in all cases, suggesting that no long-range order can develop even at low temperatures, at least at the composition of x Al2O3 ϭ 0.5.
From the supercell calculations, we determine the excess energies (G ex ) for Pv and pPv solutions, which are plotted in Fig.  2 relative to the simple averages at 4 different pressures from 60 to 150 GPa. This figure clearly shows that G ex of pPv is fairly symmetric (Fig. 1 A) , whereas G ex of Pv shows rather asymmetric behavior (Fig. 1B) . Also, G ex is larger in Pv than in pPv. These properties appear reasonable if considering that the 2 endmember structures are identical in pPv but different in Pv, where the structure transforms from Pv to Rh continuously, accompanied by a large energy decrease due to the cation coordination change for Al concentrations above Ϸ70%. G ex has relatively small pressure dependencies, which is positive in pPv but neg- Table S1 ). G ex of Pv (70 Ϸ 90 kJ/mol per formula unit) are larger and significantly asymmetric compared with the G ex reported, e.g., interaction parameter W Ϸ 10 kJ/mol per formula unit at Ϸ30 GPa (26) and 40 kJ/mol per formula unit at megabar conditions (9) . This difference is reconciled by the fact that the Rh phase was not considered in the previous studies. We found this phase to be much more stable than Pv in the Al-rich compounds (Ϸ26-33 kJ/mol at 90-150 GPa), and thus it enhances the nonideality of solution through the spontaneous structural change from Pv to Rh at Al-rich conditions (Fig. 1B) . Using the data of Al-Pv at small x and metastable Pv at x ϭ 1, where Pv is only mechanically stable, we obtain 40.3 kJ/mol at 90 GPa, consistent with the previous estimations. In contrast to the Pv phase, our results are very close to G ex previously reported for pPv (9) (dashed line in Fig. 2 A) .
Using the thermodynamic parameters and statistical mechanics (Eqs. S3-S7 in SI Text), we have calculated total Gibbs free energies (G ss ) as functions of pressure, temperature and the Al 2 O 3 concentration (see Fig. S2 ). High-P,T phase equilibria determined in the MgSiO 3 -Al 2 O 3 system are shown in Fig. 3 . At 2,000 K, immiscible phases appear with exsolution products of Mg,Si-rich Pv and Al-rich Rh, which is equivalent to Al-rich Pv, at lower P and Mg,Si-rich pPv and Al-rich pPv at higher P (Fig.  3A) . The pPv transition pressure is found to decrease with Al incorporation in the MgSiO 3 side, but the effect is insignificant at approximately Ϫ0.2 GPa/mol% Al 2 O 3 . With increasing temperature, the Pv-pPv transition pressure in MgSiO 3 (x ϭ 0) increases, whereas the Rh-pPv transition pressure in Al 2 O 3 (x ϭ 1) decreases, as mentioned before. Also the immiscibility gaps decrease, although the PvϩRh region is still present at 3,000 K (Fig. 3B) , due to the large excess energy in the Pv solution. The previous reports on the Pv-PvϩIlmenite-Corundum boundaries (gray lines) are in reasonable agreement with the present Pv-PvϩRh-Rh boundaries. The previous calculations reported a positive effect of Al 2 O 3 on the pPv transition pressure with a huge PvϩpPv divariant region even for quite small x Al2O3 (9, 13) . Those disagree with the present results. Two reasons can be identified for the discrepancy: The Rh phase was not included and the phonon effects were not considered in the previous studies. The initially proposed large phase coexisting region has been interpreted in terms of the sharpness of the phase transition: I the transition proceeds gradually with pressure in a large divariant phase field it would not result in a sharp variation of any property that could be observed as a discontinuity in seismology. A model mantle composition, pyrolite, contains 5-6 mol% Al 2 O 3 in Pv (7). The phase relation previously proposed gives a pressure range of the 2-phase loop of Ͼ10 GPa, which corresponds to Ϸ200 km in depth. This transition width would effectively decrease if considering the element partitioning under the assumption of vertical ray incidence (27) , which is, however, inadequate for the horizontally incident rays ( in Ն Ϸ70°) typically used for the DЉ detection (9) . In contrast, in the present phase diagram, Al 2 O 3 enhances the pPv stability field and produces a divariant pressure range much narrower, with a width of 1 GPa at the inferred geotherm of Ϸ2,500 K. This corresponds to 20 km in depth, significantly shorter than the typical seismic wave lengths (Ϸ100 km) that are used to map the DЉ seismic discontinuity (4 -6). If Pv contains larger amount of Al as in MORB (Ϸ20 mol%) (8), the pressure width of 2-phase loop increases to Ϸ4 -5 GPa, corresponding to Ϸ80 km in depth. Unless Fe extends the 2-phase loop significantly, this transition width is sufficiently narrow for seismic detection. However, the velocity contrast between Pv and pPv is suggested to decrease with increasing Al and Fe concentrations, and small contrasts are estimated for the basaltic compositions (16) . This would make the transition difficult to detect, which is likely related to the fact that no clear positive discontinuity has been observed in regions thought to be chemically distinctive from the surrounding mantle, e.g., beneath Africa and central Pacific (e.g., refs. 28 and 29) . The immiscibility present in Pv with the maximum solubility [Ϸ19 mol% Al 2 O 3 at 2,000 K and 80 GPa (Fig. 3A) ] is consistent with the existence of additional aluminous phases such as calcium ferrite and calcium titanate in the MORB composition (e.g., ref. 8). The pPv solution has a smaller immiscibility with the maximum Al 2 O 3 solubility Ͼ30 mol% at 2,000 K. This suggests that at the pPv phase change the additional aluminous phases should dissolve into the pPv phase.
A temperature increase of Ͼ1,000 K is often inferred for the thermal boundary layer of a few hundred kilometers at the core-mantle boundary (CMB) (e.g., ref. 30). Fig. 3 indicates that the effect of Al 2 O 3 is enhanced by temperature. At 4,000 K, which is above the solvus temperature even in the Pv-Rh system, the pPv stability area is extended to lower pressure (Fig. 3C) . Therefore, a single phase of pPv would be stable in the wide compositional range at the CMB pressure of 136 GPa at 4,000 K. A reverse transition from pPv to Pv is expected to occur along the superadiabatic temperature increase in the thermal boundary layer at the CMB (31) . If Al 2 O 3 enhances the pPv stability field to higher temperatures also in a more realistic mantle composition-corresponding to a decrease in the Clapeyron slope (Fig. 3D) -then a hotter geotherm will become necessary to yield the reverse phase transition than in the MgSiO 3 system. For pyrolitic Al concentration, a hot CMB temperature (Ϸ4,800 K) with a significant jump across the thermal boundary layer (⌬T Ϸ 2,500 K) would be necessary to obtain the pPv-to-Pv transition (Fig. 3D) . Such a temperature at the CMB is even higher than the upper bound of recent seismological constraints (Ϸ4,500 K) (5, 6) and is expected to produce a large CMB heat f low of Ϸ19 TW (5). However, this analysis is approximate because at such high temperatures the quasiharmonic approximation may fail (12, 23) and we also neglect the effects of other impurity elements in this argument.
Consideration of iron is of particular importance for a more detailed analysis of deep-mantle mineralogy. This may also affect the high-P,T pPv stability, but the effects in a multicomponent system are poorly constrained (17, 18, 24, 33) . The solution mechanisms of iron under the ultrahigh-pressure condition, where the low-spin state with smaller ionic radius is predominant, are also unclear (34), although some low-pressure experiments report that iron may also influence the site preference of Al 3ϩ in Pv (35) . The present nonempirical approach is applicable also to investigate the P-T-x thermodynamics of the iron-bearing systems. And a similar structural change from Pv to Rh would be expected in the Fe 2 O 3 -bearing system. However, iron is known to introduce several additional complexities relating to the high-and low-multiple spin states and Fe 2ϩ and Fe 3ϩ multivalences (34) , which make the computations challenging.
Theoretical Methods
Our computations have been performed within density functional theory (DFT) and the local density approximation (LDA) (36 -38) . Pseudopotentials and planewave basis were applied to describe the electronic structure, which have been extensively tested in our previous studies (2, 12, 16, 23) . The Pv and pPv crystal structures belong to the space groups Pbnm and Cmcm with 4 and 2 formula units per the primitive cells, respectively. To simulate the solid solutions properties, we built 80-atom (16 formula units) supercells with the translation vectors a i sc (i ϭ 1,…,3) generated by adopting conversion matrices M ϭ (2 0 0, 0 2 0, 0 0 1) and (2 0 0, Ϫ2 4 0, 0 0 1) to the Pv and pPv primitive translation vectors, respectively. Here, the monoclinic bases are chosen for the pPv supercell because the pPv structure is more anisotropic than Pv and this supercell shape is more suitable for producing homogeneous Al distributions. This pPv supercell shape is also equivalent to the structure converted directly from Pv under shear strain (2) . We have calculated the cells with compositions of (Mg1ϪxAlx)(Si1ϪxAlx)O3 at 4 different pressures of 60, 90, 120 and 150 GPa. Al2O3 fraction x has been changed from 0 to 1 in a step of 0.0625 by following the Tschermak-type coupled substitution process, Mg 2ϩ ϩ Si 4ϩ 7 2Al 3ϩ , which has been reported in several studies to be energetically largely preferable under high-pressure conditions (9, 13, 19) . In contrast to those previous studies that searched for the most stable Al configuration, we have calculated replicate supercells with, at most, 200 different randomly chosen cation configurations to evaluate the effects of statistical disordering of Al correctly. Other aluminum incorporation mechanisms such as the higher enthalpy process accompanied with oxygen vacancy formation (2Si 4ϩ ϩ V O2Ϫ 7 2Al 3ϩ ) (9, 13, 19) and also the coupled substitution of aluminum with proton for silicon (Si 4ϩ 7 Al 3ϩ ϩ H ϩ ) (9) have not been considered here, although it is reported that the latter reaction is much more favorable than the former one (9) . Thousands of jobs required for these computations were mostly automated through UNIX shell scripting, and we used pwscf (Plane Wave Self-Consistent Field web site: www.pwscf.org) for a calculation engine of the Kohn-Sham total energies and structure optimizations.
